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COMBUSTION OF HYDROGEN=-AIR MIXTURES DURING A LAUNCH TRAJECTORY

TECHNICAL REPORT NO. 330
By: P. A. Libby

H. S. Pergament
P. Tzub

I. INTRODUCTION

During the atmospheric exit of a launch vehicle util%zing hydrogen in its
upper st'ages, it appears that gaséous or liquid hydrogen is sometimes dumped
overboard into the airstream. If the flow conditions are such as to lead to no
significant chemical reactionswhile the resulting hydrogen-air mixture is iﬁ the
proximity of the launch vehicle, this dumping will be of little importance. On the
contrary if combustion does occur, there can cccur significant alteration of the
heat transfer to surfac.e of the vehicle and of the aer‘odynamic- fgrces and
moments applied to the vehicle,

As an initial step in a program of analysis of the phenomena arising when
hydrogen is ejected overboard from a launch vehicle, the flow lengths associated
with both the induction (or ignition declay) period and heat release {er reaction}

‘period of the hydrbgen-air reaction have been compufed for a typical exit
trajectory. Ou the basis of reccarch connected with the kinetics of the hydregen-

oxygen systerm and with the supersonic combustion of hydrogen, the main features



of the reaction histeory of this combustion are understood. There exists two
] ny, . s .

phases; the first, so-called induction period invelves major alterations in
cowmposition, the foermation of water and of intermediate species, but no signi-
-ficant heat release, i.e. no temperature rise. DIuring the second period, the
concentrations of the intermediates decay and heat is released. The times
associated with both periods are readily estimated for a given pressure and
initial temperature. It is therefore possibj= te apply such estimates to determine
the flow lengths associated with the induction and hcat release periods and thus
tc estimate under what flow con-itions combustion in the vicinity of the launch
vehicle can be expected. Such estimates do not include delays due to vapor-
ization of figuid fuel and to mixing of the hydrogen with the air ' detailed
studies of these processes are required to obtain more accurate estimates of
the phenomena,

During an exit trajectory there are two counteracting effects influencing

the induction time; as the launch vehicle accelerates, the static pressure near

the vehicle decreases, tending to increase induction times, w hile the maximum

{1Y This period is defined here as the tiine required for the temperature to
increase an amount egual to 5% of the total temperature rise tc ecuilibrium,

(2) The results obtained from this analysis are thus conservative,



Lt

static temperature, for example, that in the boundary layer and behind
strong shock waves, increases tending to decrease such times". Accordingly,
it might be expected that the estimated flow lengths may have a minitmum;
this will be found to be the case.

In thi's report the current information on the kinetics of the hydrogen- -
air cystem is reviewed first. Then, for a typical exit trajectory the f[oQ
tzngths associated with the induction an:i reaction periods and a critical
altitude rahge for corr bustion in the neighb.orhood of the launch vshicif:"are
_prescnted,

The authors are pleased tb acknowledge that Dr. Antonio ‘Ferri’suggésted

this study.
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II. THF MFCHANISMS AND KINET17S OF THE HYDROGEN-AIR SYSTEM

S

For the temperature range bClvazjﬁ‘(JU\?)K, it appears that the nitrogcn‘
in air can be treated as an inert diluent with respect to the hydrogen-air
reaction. Accordingly, the extensive research devoted to the hydrqgenq:xyget;
system can be employed in the study of the mechanisms and kinetics of the com-
bustion of hydrogcr;in'air.Recently,4 there has been considc%abl.e attention given
to _thc-usc of hydrpgcn as a fuel in an advanced air-breathiné engine. References
1-5 have studied inter alia flowe involving reacting hydrogen=-air mixtul"es with
finite rate chemistry. The actual rate constants used in these analyses diffc'rv
in some cases by an order of ﬁagnitudc in the temperatﬁre range from 1000 to
3000°K; these differences reflect existing ignorance in kinetic information. On
thc; other hand, the mechanisims, i.e., the reaction steps, are generally based
on the research of Duff and co~-workers {Rcfcr‘cnce's 6-8) and are thus g.cnerally
the same in all studies.

As will be seen below, the mechar}isms of the hydrogen-oxygen reaction
are so complex that they cannot be verified in detail; experiments can, in
geaeral, only cenfirm or reject the validity of the total ensemble of reaction
steps and reaction rates. The predictions based on the cnscmblcdcscribéd
herein and erﬁploycd in the analyses listed vabove are in accord with shock tube
data, e.g., of Schott et al {References 7. and 8), with the experiments of

Nicholls (Reference 93, with the nozzle experiments of Lezberg' and Lancashire



('j{cferénce 10)*, and with experiments on supersonic diffﬁsion flames‘
{neference 5). Accordingly, over a range of initial temperatures, i.e.,
pricr to heat release, qf from 100C° to 20C0°K and over the pressure range
from 10'1 to 4 atmospheres the reaction steps and rates employed here can
be considered to yield consistent prédictions, in accord with experiment, in
an overall sense, _;'\‘o experimental data appears to be available éutside this
range of conditions.

If nitrogen is treated as an inert dilueat, the mechanisms. and rates for

reactions nroceeding to the rignt invelved in hydrogen-air combustion are as

K- . F _2? e -
.follows: : }‘:7*’0:» {_:_L SO (1(l4‘ e 22, CCG/ T
ki 14, -8810/T
H +0, = OH+O s10' ) e
ks 2 o
. -4030/T
O +H, = CH+H si10td) e
kf,3 . 14 3020/ T
OH+ H, —~ U ,0+H e ) e
ki, 4 Lo 14, =3020/T
ICH - H,0+0 3(10° Y e
| kes o o 5 -\
2He M = H,YM 1ol3.- sf1c!?
k6 Jo .17
HHOHSM = L0+ M 1e"" - 10
ki 7 ) o
ki, 8 | 14
2O+ M B 0,+ M 3107 %)

., Reference 3 for the comparison between theory and experiment.
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The temperatures are in ®°K and the units for kf are (mole/cc)=! sec-! for
5&:(;“0 order reactions and (mole/cc;-z sec™! for third order reactions; the
symbol M denotes any third body. The first reaction step, i.e., related’to
Ky o involves a relatively high aétivation energy and is thus usually neglected
in the temperature range of aeronautical interest. Fbr several of the three-
body reactions, a range of values for the rate constants has been shown;

these were presented by Duff an@ co-workers as bracketing the range of
estimated values, Finally, it is noted that these mechanisms should not be
employed below roughly 90(;°K because the classical work on explosions, (cf.‘
e.g., Reference 11} indicates that hydrogen- oxygen mixtures are slab1c> at

all pressures provided a temperature of roughly this value is not exceeded. I«
the reaction steps given above were formally appiicd a.tblow tempe ratures, it is
guite possible that a numerical solation for a reaction hiétory would yield a
large but finite reaction time in :jisagreément with experiment,

In Reference 1 {(c¢f., Reference 5), the reaction steps corresponaing to
ki, j» i= 1, 2...8 were applied to {lows with constant pressure and constant
energy. A uniform mixture of hydrogen and air at aninitial temperature Ti’ and
a constant pressure p was assumed to exist at time zero; the reaction history
of this mixture was studied by numerical integration of the species conservation
equations. The results of this analysis indicated lthat the hydrogen-oxygen
reaction consists of two phases; durin_g the initial, so-called induction {or
ignition delay) phase, =ignificant changeés in cémposition take place with little
change in temperature. In‘deed, the composition at the end of this phase is

close to equiiibriumn insofar as major constituents are concerned, but the



concentrations of the intermeciates, O, H and G, although prezsent to the

xtent of one percent or Lless on a mass fractiou basis, far excced their

2l

. equilibrium values. This behavior for a number of pressures and initial
temperatures for an equivalence ratio ol univy is shown in Figure |, which
bas been taken from Refercnce 5. The uniform:ity of the temperature during
‘this phase is accounted for roughly by the absorption in dissociation of
molscular ﬁydrog@n of the heat released by the formation of water. During
the second phase, termed in Refcrence 5 the heat release phase, the excess

of intermeciates decay to their #guilibrium vaiues, the major constituents

w

djust somewhat their conceatrations and the temperature increases. These
effects can also be noted in Figure 1 where X, K. #2 refers to intermediate

values of the reaction rates for the recombination reaction; it ic -betieved that
L]

these rate constants reprezent the best availabis data and should give accurate

resulits.

The induction phase is controlisd by the two-bdody reactions while the

w

fiwat release phase is governed by the three-body reactions. As a consequence

of this chaage in the dominant reactions in each phase, the pressure dependence

of the times associated with cach phase is difierent, the induction time varying

1.7

L : .. ' U
as p  and the heat release time varying as p . Under conaitions of low

)
&

pressure ana high iairial temperature, the induction tims becomes negligible

R . - Rt
compared te tae heat release time; Jor example, at p = 1 stmosphere, T,=I5007K,
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By use of the analysis presented in Reference 1 both the ignition delay
and reaction times have been computed for a widc‘range of initial
temperatures, T, and pressures. From the results of the calculations it was -
possible to obt#in the following empiricﬁl correlations:¥

- - -3 3 ’ :
TP T8x1077 960%/Ti | | IR

L7 1.12x107°T - |
Tp P = Jt5 e * i - (2)

where the times are in g sec., T; in °K, ‘and p in atmosphere;.

Again, it shoild be noted that the above equations have been determined
for the case of a uniform mixture of reactants and implicitly assumes that the
mixing iéngth is negligible compared to thg chemical reaction Vléngth‘.

Note fronﬂ equations (1 } and (2) that both times decrease with incrgasiug
pressure, that.TID is extremely sensitive to tcmpefature, decreasing sharply
as T, increéses, while Tp is a weaker {unction of the initial temperature,
decreasing slightly as T, increases, These correlations therefore imply that
under éomiitions of low pressure and high temperature such as may occur
during an existing trajectofy, the induction period may be of short duration

while the heat release phase might be long.

- -

A similar expression for the induction time was presented in Reference 5;
the one presented here is based on additional numerical results and is
considered somewhat more accurate.

s
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1II. REPRESENTATIVE INJECTION MODF S FOR HYDROGEN DUMPING

Consider now the application of the pfevious discussion to the engineeﬂng
problbe:’m of estimating the flow lengths associated with combusfzion of hydrogen
when ejected overboard from aviaunch vehicle. As discussed in the Introduc;tion
the déscription of the actual phenomena which may be involved in such cascs
will be corﬁplicated and will depend on the mode of ejection, the airstream

"conditions and the characteristics of the dumped hydrogea. Vaporization, mixing
and flow interaction effects will alter the distances from the ejection point on the
launch vehicle to the» downstream point where combué&ion takes place. Con-
servative flow Lengths can be computed if the induction and reaction times given>
by Equations (1) and-(?.) are multipiied by a representative flow velocity. The
previously cited effects will in general lead to larger flow lengths. However,
these estimates can be employed to make judgments as to the injection modes
leading to the smallest probability of combustion arising in a given exit traje'ctory.

in the prescr:t.report the representative modes of dumping are examined
qualitatively in order to 'establish approximate conditions oi velocity, pressure
and tem.peraturevin the zone of posbsible combustion.,  These modes are shown
schematically in ?‘ig‘ure 2 and are discussed below.

If the hydrogen is injccted through a p;)rt in the skin of the vehicle as
shown schematically in P‘igure 2a, there will, in gencral occur a complex flow
involviag a strong shock wave, bouadary layer separation and reattachment, and

rapid mixing hetseen the hydrogen jot ant the air strean..* For the purposes of

The {low associated aith injecticn oi this type 1s also ol interest in coanection
with thrust vectoring by injection. Ref. 12 provides a vecent revigw thercof.
¢
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the present report’the induction and rheat release times are computed by
assumning that the p'réssure and tempefature are those befximﬁ a normal shock
and that the veldéity is associated with an iscntropi; expansion from conditions
behind a normakéhock to iree stream static pressufe. Such velocities would *®
occur in the rlxevi_ghborhood of the jet as well as downstream of the péinf of
injection,

Coasider next the injection mode shown schematically in Figufe- 2b; the
hydrogen is injected parallel to the external stream from a tube which caus.es
a stror;g shock wave. In this case the pressuré in the mixing region is close.
to that in the external stream but the boundary layer on the tube can result in
static temperatu%‘es within the mixing region in excess of tﬁose prevailing in
the cxternal stream. The velocities at the outer edge of thg ml;xing regi_pn»can
be represented by those obtained by\e)icpand‘ing isentropically from couditions
behind a normal 's~h.ock to ambient pressure.

A similar sifuation arises in connection with slot injection as shown in
Figure 2(c). However, in this case, the velocity at the edge of the mixing re-
gion iz that of teexternal s;tre‘am since no strong shock-should exist. Because
the static temperatures in the boundary layer either on the mixing tube or on
the splitter plate may be considered, from a conservative pgint of view, to be
representative of those in the boundary layer in a high speed flow, it is of
interest to estimate the static temperature distributions therein. Within the

approximation of Prandtl nunber equal to unity for both laminar and turbulent
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flow, the Crocco relation can be applied to relate the temperature and velocity
Gistributions. The static temperature and Mach number in the external stream,
and the wall temperature are parameters. If the gas is considered as caloric-
atly znd thermally perfect, as is justified for estimates in the supersonic and

low hypersonic flight regions,there is obtained,

-

' . oy
T/Te-: (T\V/Te)ﬁ-‘(u/ue) [1+(y -1 (MJ@ - (Tw/Te) 3

5

F

: Z
-y -1) (M, /3) (ufu,)
It is easy to show that the maximum static temperature within the layer is

| 2 2 2
Ty ﬂr;n-%/'re){lﬂy-n <Me/2>-(Tw/Tc>] [ov-n2me] gy

and that the velocity at which the temperature reaches a2 maximum is
u o 2 ' 2 ' )
tou, =] l+(y-1)(}¢ie/2)-Tw/Te] (v -1) M, ' (3)

For both tube and sfot injection the maximum temperature in the boundary
layer is used to compute the ignition delay and reaction tires; the velocity at

the point of peak temperature is then used to calculate the corresponding lengths,
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1V, ESTIMATES OF FLO& LENGTHS FOR CTOMBUSTION

The launch trajectory used for the present calculations is shown in
Figure 3 and, for convenience, the variation of ambicnt pressure with
altitude is given in Figure 4. Ftigures 3, 6, and 7 show both the ignition
delay length and the length .requircd for a constant pressure reaction to
come to equilivrium (ignition delay length plus recaction length) for the three
injection schemes discussed in the previous scctién. It can be seen that
combustion takes p!a;cc inA the smallest distadke for the cas.e of normal
injection. This i1s due tu the relztively high temperature and pr_essuré exist-
ing behina the normal shock. Considerably larger ignition delay lengths are
indicated when hydrogen i injected either through a tube or a slot. However,
due to the low ambient pressure the rcaction lengths are several orders of
riagnitude greater over n.ost of the trajccto'ryf Due to the counteracting
efiects of pressure and t'cmpera.turc, as .mem;ioned in the Introduction, a
miairnum in {low length curves is observed. It would appear that from these
rezults both tube ana slot injection of hydrogen. are ecqually favorable with
regard to combustion lengths.

It should be noted that, in Figures 6 and 7, ‘the.ignitibu delay curves for
wall temperatures of 200098 and 300COR Croés eac_h other. This is due to the
hizher veolocities at the point of maxixﬁurn temperature in the- boundary layer, over

a part of the trajectory, for the 3000°R wall temperature.



V.o OONTLUSIONS

-

“rom the resuits of the present investigation it can be concluded that
dumping hydrogen either through a slot or tube parallel to the frcc,-stfeam _
givés considerably lenger pombustion lengths than for normal injecticn. There
results a crificai altitude from 125 to 175 kiio feet dcg_;er‘l:ii‘ng on the mode of
injcctién.

Some geﬁera! comments regarding the hydrogcn dumpiag problem can
also be made 4as a result of t"n‘is study. In dcvisiing an injection gchcme advaritage
should be taken of the iow arﬁbient pressure over most of the trajectory (Fig. 4);
that is, 'thc hydrcgen should be injected in such a way as to cause the teast
disturbance (and consequent pressure rise) to the free stream. In addition
the injection station should be located at a position where the effects of any shock
caused by the boéy are minimal. Since low initial tempc?atur'es are also favor-
abALc it seemns that, keeping the surface temperature of the vehicle as low as
possible coulsl be an effective means of reducing the peak temperature in the

boundary tayer (for the range of flight conditions considered here),
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